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Abstract
The measured Bs mixing could be on the low side. It could arise from destructive interference
between t and t′ with 4 generations, for example with mt′ ∼ 300 GeV and V ∗t′sVt′b ∼ 0.025 e±i 70
◦
,
which gives b → sℓ+ℓ− rate consistent with data. This could underly the new physics indications
in CP violation measurements in b→ sq¯q transitions, which select the positive phase. We predict
that sin 2ΦBs ∼ −0.5 to −0.7, i.e. CP violation in Bs mixing should be large and negative. As
a corollary, D0 mixing, ∆mD, is predicted to be at the current level of sensitivity, but with CP
violation only at −0.2 level. These predictions can be tested in the next few years.
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s mixing has finally been
measured at the Tevatron. It is amazing that, from a long standing bound of 14.4 ps−1, all
of a sudden we have an observation [1],
∆mBs = 17.77± 0.10± 0.07 ps−1, (1)
with precision below a percent. Now, one looks forward to measuring the associated CP
violation (CPV). In the Standard Model (SM), sin 2ΦSMBs = − sin 2βs ∼ −0.04 is very small,
where βs = arg V
∗
tsVtb. Any significant CPV would indicate New Physics (NP). But the only
chance for the Tevatron to uncover mixing-dependent CPV in Bs system is if sin 2ΦBs is
rather sizable. Any discovery before LHC turn on would likely herald NP.
Bs mixing involves b↔ s transitions. We do have hints for NP, in fact, in CPV effects in
b→ s transitions. Mixing dependent CPV measured in many b→ sq¯q modes give the trend
Ssq¯q < Scc¯s [2] (the ∆S problem). The other is the difference in direct CPV observed in
B0 → K+π− vs B+ → K+π0 [3] (the ∆AKπ problem). So the hope for large sin 2ΦBs is not
unfounded. However, Eq. (1) is consistent with the SM expectation [4], ∆mSMBs = 21.7
+5.9
−4.2




mostly coming from fBs
√
BBs. Further, the central value of Eq. (1) is on the low side if
central values of fBs
√
BBs from lattice studies [5] are taken.
In this paper we combine ∆mBs with the b → sℓ+ℓ− rate and show that these two
measurements can be simultaneously accounted for with the presence of a sequential 4th
generation, but with very large sin 2ΦBs implied. From the trends observed in CPV in
b→ s transitions, it should be negative.
We admit that the 4th generation is disfavored by electroweak precision tests [6]. However,
as far as the physics of flavor and CPV is concerned, and as we would soon enter the era
of LHC, one should keep an open mind. Besides, loopholes do exist [6]. What we stress
is that the 4th generation very naturally impacts on box and electroweak penguin (EWP)
diagrams that enter ∆mBs and B(b→ sℓ+ℓ−), where the t and t′ quarks have a nondecoupling
effect [7]. Destructive interference can allow a sizable t′ contribution, which brings in a large
CPV phase in V ∗t′sVt′b [8].
Similar EWP effects may be behind the NP hints in CPV in b → sqq¯ transitions, as we
have shown in several papers [9, 10, 11]. In fact, we showed in Ref. [9] that the parameter
space implied by the ∆AKπ problem is independently supported by combining the ∆mBs
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bound at that time with the B(b→ sℓ+ℓ−) measurement. However, ∆mBs and B(b→ sℓ+ℓ−)
suffer far less from hadronic uncertainties, and with ∆mBs now precisely known, the strategy
should be switched around.
Throughout this paper, we will take mt′ ≃ 300 GeV for sake of illustration. Changing
mt′ affects the parameter range, but not the effects that we discuss. The precision of ∆mBs
fixes a narrow strip of parameter space for V ∗t′sVt′b. Combining with B(b → sℓ+ℓ−), we
find a constraint on the phase as well as strength of V ∗t′sVt′b, allowing us to predict that
| sin 2ΦSM4Bs | ∼ 0.5 to 0.7. The aforementioned NP hints in CPV in b→ sqq¯ transitions then
select sin 2ΦSM4Bs ∼ −0.5 to −0.7, i.e. negative, which could be tested soon at the Tevatron
Run II.
An important aspect of the four generation model is the extension of the quark mixing
matrix V from 3× 3 to 4× 4, and all processes involving flavor are affected. With V ∗t′sVt′b
determined, we were able to [12] more or less fix V from considering Z → bb¯ and rare kaon
constraints. Remarkably, the stringent kaon constraints imply [12] b → d measurements
such as ∆mBd and sin 2ΦBd would be SM-like, a necessary condition to survive NP tests [4],
while KL → π0νν¯ could be greatly enhanced. In this paper we further predict that xD gets
enhanced to close to the current sensitivity, and D0 mixing could be measured in the next
few years.
Let us briefly illustrate how the 4th generation enters box and EWP diagrams. For b→ s
transitions, four generation unitarity gives λu + λc + λt + λt′ = 0, where λi ≡ V ∗isVib. Since
|λu| < 10−3 by direct measurement, one can safely use
λt = −λc − λt′ . (2)
For Bs mixing, one then has
M12 ∝ f 2BsBBs
{
λ2cS0(t, t)− 2λcλt′ [S0(t, t′)− S0(t, t)]
+λ2t′ [S0(t
′, t′)− 2S0(t, t′) + S0(t, t)]
}
. (3)
The first term is from SM3 and is practically real (the width difference arises from interfer-
ence of b → cc¯s processes between Bs and B¯s). The t′ contributions clearly respect GIM
cancellation and vanish with λt′ , analogous to ∆Ci ≡ Ct′i −Cti [8, 9] that modifies the Wilson
coefficients Ci for b→ s decays.
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0 vs mt′ .
Defining the t′ contributions as
∆S
(1)





′, t′)− 2S0(t, t′) + S0(t, t), (4)
we normalize to St0 = S0(t, t) and plot in Fig. 1 vs mt′ . Clearly, ∆S
(2)
0 has stonger mt′ depen-
dence, and can be compared to ∆C7,9 plotted in Fig. 1 of Ref. [9]. This is the nondecoupling
of SM-like heavy quarks from box and EWP diagrams [7]. In contrast, as can be seen from
Fig. 1 of Ref. [9], the QCD penguin corrections ∆C4,6 have very mild mt′ dependence [13],
and likewise for the electromagnetic (i.e. photonic) penguin. Thus, the 4th generation is of
particular interest for processes involving boxes and Z penguins.
Besides the strong mt′ dependence of Bs mixing, λt′ brings in a weak phase, which we
parameterize as
λt′ ≡ V ∗t′sVt′b ≡ rsbeiφsb . (5)
This phase was not emphasized 20 years ago in Ref. [7], leading some authors to claim very
narrow allowed parameter range from data. But as was emphasized [8] later, the phase
enriches the parameter space considerably, allowing large effects from t′ even when both
∆mBs and B(b → sℓ+ℓ−) appear SM-like. For example, when λt′ is close to imaginary, t
and t′ effects add only in quadrature and do not interfere in B(b→ sℓ+ℓ−). But this is ripe
for CPV, so let us illustrate the point.
In the following analysis, we takemt = 170 GeV. The central value of fBs
√
BBs = 295±32
MeV [5] would give the SM3 expectation of∼ 24 ps−1 [14], which seems a little high compared
with Eq. (1). Of course, fBs
√
BBs could be in the lower range, but it could also turn out
higher. Some New Physics that interferes destructively with SM3 is clearly welcome. Keeping
fBs
√
BBs = 295 MeV, in Fig. 2(a) we plot ∆mBs vs φsb for mt′ = 300 GeV and rsb = 0.02,
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FIG. 2: (a) ∆mBs , (b) sin 2ΦBs , (c) B(b → sℓ+ℓ−) and (d) cos 2ΦBs vs φsb, for mt′ = 300 GeV
and rsb = 0.02, 0.025 and 0.03, where V
∗
t′sVt′b ≡ rsb eiφsb . Larger rsb gives stronger variation. The
dashed line in (a) is the nominal SM3 result, and the solid bands for (a) and (b) are 2σ and 1σ
experimental ranges, respectively.
0.025 and 0.03. The SM3 value is shown as dashed line, and the 2 σ range (1 σ would be too
narrow) of Eq. (1) is shown as the solid band. We see that destructive interference occurs
for φsb in 1st and 4th quadrant, bringing ∆mBs down from SM3 value to the CDF range,
while the 2nd and 3rd quadrant is definitely ruled out. For given rsb, one projects a rather
narrow φsb range. For rsb = 0.02, 0.025, 0.03 (cf. λc = V
∗
csVcb ≃ 0.04 for top contribution),
we find φsb ≃ 52◦–55◦, 62◦–64◦, 67◦–69◦, respectively. These are quite imaginary and implies
large CPV, i.e. large sin 2ΦBs (Fig. 2(b)).
One may think a smaller rsb allows a bigger range for φsb. What is remarkable is the
consistency of the observed b → sℓ+ℓ− rate with the above projection. This is because the
b → sℓ+ℓ− process is also dominated by EWP and box diagrams [7]. The current world
average is B(b → sℓ+ℓ−) = (4.5 ± 1.0) × 10−6 [6] (a cut on mℓℓ > 0.2 GeV is applied),
which is lower than two years ago. We follow the NNLO calculation of Ref. [15], which takes
account of the effective coefficients up to the two-loop level, and incorporate [9] the 4th
generation effect by modifying short distance Wilson coefficients. Although the formulas in
Ref. [16] are simpler, it is less clear how to incorporate the 4th generation. We have checked
that the ΛQCD/mb corrections of Ref. [16] do not affect the NNLO result by very much. We
find B(b → sℓ+ℓ−) ≃ 4.26 × 10−6 in SM, in good agreement with data. We remark that
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the well measured B(b → sγ) does not provide a better constraint, because of the rather
mild dependence on 4th generation parameters. The t′ quark effectively decouples in the
electromagnetic penguin, and B(b→ sγ) does not pose a problem.
We plot B(b → sℓ+ℓ−) vs φsb in Fig. 2(c) in similar fashion as in Fig. 2(a), together
with the 1 σ range of data. The dependence on rsb and φsb resembles the ∆mBs case, but
is milder in behavior. We see that for rsb ∼ 0.02, 0.025 and 0.03, |φsb| >∼ 55◦ is implied,
which practically rules out the allowed range from ∆mBs for rsb ∼ 0.02. Of course, there
are uncertainties in both the measurements and the theory, but our discussion makes clear
that combining B(b→ sℓ+ℓ−) with ∆mBs , one can constrain further the allowed parameter
space. It is of some interest to note that, once we constrain V ∗t′sVt′b from b→ sℓ+ℓ− together
with Bs mixing, the rate of Bs → µµ in our model is very similar to the SM expectation.
We turn to our main interest and plot sin 2ΦBs in Fig. 2(b). For φsb = 0, one recovers
the SM3 expectation of ∼ −0.04. For the impact of the 4th generation, we see that sin 2ΦBs
ranges from −0.5 to −0.7 for rsb ∼ 0.025 to 0.03 and φsb in first quadrant, and is slightly
weaker in strength and of opposite sign for φsb in fourth quadrant. Measuring such large
mixing-dependent CPV should be no problem at the LHC experiments such as LHCb, but
as we have advocated, of more immediate interest is whether such large sin 2ΦBs values are
accessible at the Tevatron experiments, before LHC turn on. At least it affords us good
hope.
Although redundant (except the sign), we plot cos 2ΦBs in Fig. 2(d). This parameter can
be probed by comparing ∆ΓBs/ΓBs measurements in non-CP and CP eigenstates [17]. At-
tempts have been made recently by the D0 experiment [18] to measure cos 2ΦBs . Recently,
the Belle experiment has collected data on the Υ(5S) [19] to demonstrate the efficacy of Bs
study at the B factories, although it is unclear whether cos 2ΦBs can be profitably probed.
We hope these efforts could reach some precision such that cos 2ΦBs <∼ 0.85 could be mea-
sured.
To sum it up, if we take mt′ ∼ 300 GeV, V ∗t′sVt′b ∼ 0.025 ei 65◦ and fBs
√
BBs = 295 MeV,
we get ∆mBs and B(b→ sℓ+ℓ−) at current experimental central values, with the prediction
that sin 2ΦBs ∼ −0.55 (cos 2ΦBs ∼ 0.84). Further, ∆AKπ ∼ 0.15 can be accounted for,
and one gets ∆S < 0 [10, 11], albeit with smaller deviation than observed. The model can
account for known discrepancies in CPV in b→ s transitions, survives the ∆mBs constraint,
and predicts large and negative CPV in Bs mixing.
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Are there other firm predictions? We now show that, through 4th generation unitarity,
D0 mixing seems rather close to current sensitivities.
In our previous study, taking the 4×4 parametrization [20] that places phases in Vub (as in
SM3), Vt′s, and Vt′d, we found [12] the above parameter choice can be extended to account for
Z → bb¯ and stringent kaon constraints. The former fixes Vt′b ∼ −0.22 (we chose to saturate
the bound) hence Vt′s ≃ −0.114 e−i 70◦ , and the latter then gives Vt′d ≃ −0.0044 e−i10◦ . It
is remarkable that, after applying the kaon constraints, b → d measurables are basically
unaffected. This can be most easily seen by inspecting Fig. 1(b) of Ref. [12], where one sees
that the b→ d quadrangle in SM4 can barely be distinguished from the triangle in SM3. In
contrast, the b → s quadrangle (Fig. 1(a) of Ref. [12]) is large and very different from the
SM3 “squashed triangle”.
By unitarity one then finds Vcb′ ≃ 0.116 ei66◦ and Vub′ ≃ 0.028 ei61◦ , giving
Vub′V
∗
cb′ ≡ ruc e−i φuc = +0.0033 e−i 5
◦
, (6)
which would affect c → u transitions via b′ loops. Noting that |VubVcb| <∼ 10−4 by direct











cd ≃ −0.218 and VusV ∗cs ≃ 0.215 are real to better than 3 decimal places, very
much like in SM. These govern c→ ud¯d and c→ us¯s processes, where especially the latter
could generate width difference yD = ∆ΓD/2ΓD through long-distance contributions [21].
This in turn generates |xLDD | ∼ |yD| by dispersion relation, where xD = ∆mD/ΓD.
Our interest is in the Vub′V
∗
cb′ term: though small, it cannot be ignored, since mb′ ∼ mt′ by
electroweak precision constraints hence is very heavy. This can generate xSDD , analogous to
Eq. (3) for ∆mBs , which would be vanishingly small in SM3 because of |VubVcb|2 suppression.
We again do not consider long-distance effects. To illustrate the short-distance effect
generated by b′, we take fD
√
BD = 200 MeV and plot ∆mD vs φdb ≡ arg V ∗t′dVt′b in Fig. 3(a),
for mb′ = 230, 270 and 310 GeV, respectively, and rdb ≡ |V ∗t′dVt′b| = 10−3. The current
bound [6] is shown as the horizontal line. The reason we plot against φdb is because φdb
and rdb are fitted to kaon data, after fixing rsb ∼ 0.025 and φsb ∼ 65◦. We found φdb ∼ 10◦
and rdb ∼ 10−3. We see that ∆mSDD lies just below the current bound, and looks rather
interesting. That is, our scenario predicts xSDD ≡ ∆mSDD /ΓD ∼ 1% − 3%, which could be
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t′b ≡ rdb e−i φdb , and the horizontal line is the experimental bound; (b) sin 2ΦD vs φdb
for mb′ = 270 GeV and rdb ∼ (0.8, 1, 1.2)× 10−3.
accessible in the ongoing, rather active experimental program. We illustrate in Fig. 3(b)
the CPV parameter sin 2ΦD vs φdb for mb′ = 270 GeV and rdb = (0.8, 1, 1.2) × 10−3.
Unfortunately, because of the tiny φuc ∼ 5◦, our scenario predicts CPV in D0 mixing to be
rather small, at no more than −0.2 level. But this is consistent with experiment, i.e. there
is currently no hint for CPV in D mixing, and sin 2ΦD can be measured probably only long
after xD is measured.
There is, however, some experimental hint for width difference. The average over D0
decays to CP eigenstates K+K− and π+π− gives [6] yCP = 0.90 ± 0.42%, which has some
significance. It was such hints that stimulated the theoretical suggestion [21] that y ∼
% level is possible in SM. The other main effort is to measure x′ = xD cos δ + yD sin δ and
y′ = yD cos δ−xD sin δ in wrong-sign D0 → K+π− decays, which could arise through mixing,
or from doubly Cabibbo suppressed decays. Unfortunately, the strong phase difference
δ between the two amplitudes is unknown. At present, the best constraint comes from
Belle [22], giving |x′| < 2.7% and −1% < y′ < 0.7%. This implies that, for small δ, y′ ∼
yD ∼ 1% and x would be not much larger. However, a reasonable (for D decay) strong phase
δ ∼ 20◦–50◦ could easily allow xD to be several times larger than yD ∼ 1%. With the active
program at the B factories and CLEO-c, and the start of physics at BESIII/BEPCII [23]
as well as LHCb in 2008, one expects a vigorous program to measure yD and xD, and our
predictions can be tested in the next few years. Measurement of δ, such as with methods
developed in Ref. [24], would be quite critical to elucidate whether one has SM or NP effect.
Comparatively, measuring sin 2ΦBs ∼ −0.55 before 2008 should be more promising than
measuring D mixing. With ∆mBs already measured via the amplitude method, emphasis
is shifting to a standard time-dependent fit with more data. Clearly the SM expectation of
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−0.04 is out of reach, but with 8 fb−1 or more data and with improved efficiencies, it is of
great interest to see what is the reach for sin 2ΦBs before LHC starts to operate. Of course,
one would need to simultaneously fit for mixing in both mass and width. But this provides
a separate opportunity. By measuring the width difference in CP and non-CP eigenstates,
together with lifetime measurement, one can probe CPV via ∆ΓBs = 2Γ12 cosΦBs [17]. A
preliminary result reported by the D0 experiment [18] has started to probe cosΦBs via this
method. This method can also be used on the Υ(5S) at the B factories, if sufficient data
could be accumulated. Overall, what looks most promising is the direct measurement of
sin 2ΦBs via study of time-dependence of Bs–Bs oscillations, which we eagerly await.
In summary, we show that the current measurements of Bs mixing and b→ sℓ+ℓ− rate,
though consistent with the Standard Model, can be accommodated in the four generation
model, but with large and negative CP violation in Bs mixing. As a corollary, we predict D
mixing to be close to present sensitivities.
Acknowledgement. This work is supported in part by NSC 94-2112-M-002-035 and NSC
94-2811-M-002-053 of Taiwan, and HPRN-CT-2002-00292 of Israel.
[1] S. Giagu [CDF Run II Collab.], hep-ex/0610044.
[2] M. Hazumi, plenary talk at 33rd International Conference on High Energy Physics (ICHEP06),
Moscow, Russia, July 27 - August 2, 2006.
[3] R. Barlow, plenary talk at ICHEP06.
[4] See the results obtained by a fit to data not containing ∆mBs data, J. Charles et al.
[CKMfitter Group], Eur. Phys. J. C 41, 1 (2005), and http://ckmfitter.in2p3.fr/ for up-
dates. See also M. Bona et al. [UTfit Group], JHEP 0507, 028 (2005); hep-ph/0606167;
and http://utfit.roma1.infn.it/.
[5] See, e.g. A. Gray et al. [HPQCD Collaboration], Phys. Rev. Lett. 95, 212001 (2005); P.
Mackenzie, talk at Flavor Physics and CP Violation Conference, April 2006, Vancouver,
Canada.
[6] W.M. Yao et al. [Particle Data Group], J. Phys. G 33, 1 (2006).
[7] W.S. Hou, R.S. Willey and A. Soni, Phys. Rev. Lett. 58, 1608 (1987).
[8] A. Arhrib and W.S. Hou, Eur. Phys. J. C 27, 555 (2003).
9
[9] W.S. Hou, M. Nagashima and A. Soddu, Phys. Rev. Lett. 95, 141601 (2005).
[10] W.S. Hou, M. Nagashima, G. Raz and A. Soddu, JHEP 0609, 012 (2006).
[11] W.S. Hou, H-n. Li, S. Mishima and M. Nagashima, in preparation.
[12] W.S. Hou, M. Nagashima and A. Soddu, Phys. Rev. D 72, 115007 (2005).
[13] W.S. Hou, Nucl. Phys. B 308, 561 (1988).
[14] Our number is higher than Ref. [4], probably because these authors used lower fBs
√
BBs , and
a slightly lower mt than ours.
[15] C. Bobeth, M. Misiak and J. Urban, Nucl. Phys. B 574, 291 (2000). Beware of a few typos
(cf. hep-ph/9910220).
[16] A. Ali, E. Lunghi, C. Greub and G. Hiller, Phys. Rev. D 66, 034002 (2002).
[17] I. Dunietz, R. Fleischer and U. Nierste, Phys. Rev. D 63, 114015 (2001).
[18] D0 Collaboration conference note 5189.
[19] A. Drutskoy et al. [Belle Collab.], hep-ex/0608015.
[20] W.S. Hou, A. Soni and H. Steger, Phys. Lett. B 192, 441 (1987).
[21] A.F. Falk, Y. Grossman, Z. Ligeti and A.A. Petrov, Phys. Rev. D 64, 054034 (2002); A.F.
Falk et al., ibid. D 69, 114021 (2004); E. Golowich, S. Pakvasa, A.A. Petrov, hep-ph/0610039.
[22] L.M. Zhang, Z.P. Zhang, J. Li et al. [Belle Collab.], Phys. Rev. Lett. 96, 151801 (2006).
[23] W.G. Li, plenary talk at 33rd International Conference on High Energy Physics, Moscow,
Russia, July 27 - August 2, 2006.
[24] D.M. Asner and W.M. Sun, Phys. Rev. D 73, 034024 (2006).
10
